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ABSTRACT
Steel Multi-Tiered Braced Frames (MT-BFs) generally represents a more practical and cost-effective solution in tall
single storey steel buildings such as airplane hangars, recreational buildings or convention centers. Special seismic
design requirements including column design for in-plane and out-of-plane flexural demands have been introduced for
MT-BFs in the Canadian steel design standard CSA S16. In the current CSA S16, MT-BFs are also limited to three and
five tiers, respectively, for Type MD (moderately ductile) and Type LD (limited ductility) braced frame categories. In
this paper, a 4-tiered Type MD braced frame, exceeding the 3-tier height limit, is designed with explicit consideration
of the propagation of brace tension yielding along the frame height. The design is also performed neglecting the
flexural demands in the columns. The seismic response of both frames is investigated though nonlinear dynamic
analysis. In-plane flexural bending demands on MT-BF columns can be properly predicted by the proposed design and
inelastic deformations can properly distribute along the frame height when yielding is triggered in more than one tier.
Column buckling occurred when bending moments were omitted in design.
Keywords: Multi-Tiered Braced Frames, column buckling, nonlinear analysis, seismic inelastic demands.
1. INTRODUCTION
Tall single-storey steel buildings are commonly used in Canada in industrial buildings, convention centers, sport
facilities or airplane hangar. Concentrically braced frames (CBFs) are very effective for providing lateral resistance
to these buildings. Multi-tiered bracing configuration with two or more bracing tiers is commonly used in
applications that require tall open spaces and where long single bracing members extending from the foundations to
the roof level are no longer practical. Figure 1 show examples of multi-tiered braced frames (MT-BFs) used in a
recreational building and a crane facility. MT-BFs are generally preferred to a single bracing panel extending from
the ground to the roof level as multi-tiered arrangements generally lead to more practical and economical design.
For instance, the braces in each bracing panel are shorter and smaller brace sizes are typically needed to resist lateral
loads. Columns are also laterally braced in the plane of the frame at every panel point, which also contributes to
reducing the steel tonnage. In seismic applications, the stringent cross-section and overall member slenderness
requirements for steel braces are more easily satisfied with the shorter and smaller braces required in MT-BFs.
Furthermore, as required by seismic design provisions, beams and columns of CBFs must be designed for the forces
that develop upon brace yielding and buckling and the reduced bracing member sizes in MT-BFs generally lead to
smaller beams and columns, as well as lower connection loads, which also contributes to reducing the overall costs
of the structure.
Numerical studies performed on 2- to 5-tiered X-braced frames designed in accordance with the CSA S16 standard
requirements for CBFs with moderate ductility (Type MD) and limited ductility (Type LD) showed, however, that
inelastic brace response tends to concentrate in only one tier over the frame height, creating non-uniform drift
response. Such drift concentration induces in-plane flexural demand on the columns that may lead to column
buckling (Imanpour et al. 2012a, 2012b; Imanpour and Tremblay 2012, 2014, 2015). For the studied MT-BFs, tier
drift typically concentrates in the tier where brace tension yielding occurs first, as softening of the buckled
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compression brace in the same tier limits the storey shear capacity of the frame and prevents brace tension yielding
from developing in the adjacent tiers. This response is observed even if the MT-BF is uniform with identical bracing
panels because the sequence of brace buckling and yielding is influenced by unavoidable differences in brace
boundary conditions, brace out-of-straightness, and material properties between panels. Drift concentrating in one
tier can also impose excessive ductility demand on the braces, which can cause premature low-cycle fatigue fracture
of the braces. The studies on MT-BFs also showed that MT-BF columns experienced out-of-plane bending moments
when the structure responds nonlinearly to seismic events.
Since 2009, special seismic design provisions are included in the steel design standard CSA S16 to account for this
behaviour and achieve satisfactory seismic response for MT-BFs. The system was initially limited to Type LD CBFs
as lesser inelastic demand is expected in these frames, provided that horizontal struts were placed at every tier level
and the columns were designed to resist moments resulting from brace inelastic response concentrating in anyone
tier. It is now permitted to use 2- and 3-tiered CBFs in Type MD category provided that the same requirements are
applied. Recent studies showed brace tension yielding can be designed to achieve in two or more tiers in taller MTBFs, which can lead to lesser demands on columns and braces and enhanced overall seismic response (Imanpour and
Tremblay 2014; 2015). This paper presents a study that was performed to further validate the possibility of using
that modified design approach for taller Type MD MT-BFs. The structure examined is 4-tiered X-braced frame. It is
assumed to be located on a soft soil site in Vancouver, British Columbia, representing severe seismic conditions.
The frame seismic response is examined with and without application of the special seismic design requirements.
a)

b)

Figure 1: a) 4-tiered CBF in a recreational building in Vancouver, BC; and b) 5-tiered CBF in a tall single-storey
crane facility in Vancouver, BC (jdgconstruction.ca)
2. CSA S16-14 SPECIAL DESIGN REQUIREMENTS FOR MULTI-TIERED BRACED FRAMES
In the National Building Code of Canada (NRCC 2015), two categories of concentrically braced steel frames can be
designed and detailed to withstand earthquakes through ductile inelastic response: on two categories as specified:
moderately ductile (Type MD) and limited ductility (Type LD) braced frames. The ductility-related force
modification factor Rd for these two systems are equal to 3.0 and 2.0, respectively. It is therefore expected that Type
MD braced frames undergo larger inelastic deformations under seismic ground motions compared to Type LD
frames. As described in CSA S16 (CSA 2014), the bracing members for both categories are designed and detailed to
dissipate seismic energy by yielding in tension and flexural hinging upon buckling. Other components must resist
gravity load effects plus seismic induced forces corresponding to the brace probable resistances. Two loading cases
must be considered as shown in Fig. 2a. The first case reflects the situation where the tension braces reach its yield
tensile strength (Tu) after the compression braces just buckle and still maintain their probable compressive
(buckling) resistance Cu. The, second case represents the condition after the frame has sustained several reversed
inelastic cyclic loading and the brace compression strength has degraded in the post-buckling range to reach a value
of C’u.
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Figure 2: a) Brace loading scenario for: a) multi-storey braced frames; and b) MT-BFs.
In MT-BFs, braces meet columns between the roof and the ground level. After buckling of the braces, horizontal loads
resulting from unbalanced brace loads (Tu vs Cu or C’u) then develop at brace-to-column intersecting points, which is
similar to the situation for K-bracing, a configuration prohibited for Types MD and LD CBFs in CSA S16. To avoid
large bending moments in columns, horizontal struts are needed at every tier level to resist the horizontal loads
resulting from unbalanced brace loads and form with the braces a trussed load path from roof to ground levels for
lateral loads. As shown in Fig. 2b, however, nonlinear dynamic analyses show that, even if struts are present, inelastic
response does not distribute evenly along the MT-BF height and concentrates in the tier where brace tension yielding is
first reached. This tier is referred to as the critical tier and drift concentration in that tier induces in-plane flexural
demand on the columns. To prevent buckling, MT-BF columns must therefore be designed to resist the axial
compression combined with the bending moments induced by the non-uniform drift pattern. This behaviour can also
impose excessive ductility demand on the bracing members in the critical tier and cause premature failure of the braces.
Special requirements for struts and column bending moments for MT-BFs were introduced for the first time in the
2009 edition of CSA S16 (CSA 2009). Columns had to be designed for the combined axial loads and bending
moments induced assuming that brace tension yielding only can develop in the critical tier. All plausible critical tier
scenarios had to be examined. To limit tier drifts and brace ductility demand, MT-BFs were only permitted for Type
LD CBFs. Additionally, concomitant notional out-of-plane transverse loads were specified at brace-to-column
intersecting points. That load was set equal to 10% of the axial load carried by the compression members meeting at
these points with the aim of providing the columns with sufficient strength to resist out-of-plane forces resulting
from initial geometric imperfections and brace out-of-plane buckling response.
The provisions of CSA S16 were updated in 2014 based on further studies on the system (Imanpour and Tremblay
2014; 2015): MT-BFs are now permitted to be used in Type MD braced frames up to 3 tiers and for Type LD braced
frames up to 5 tiers. The design requirements remained unchanged except that the notional out-of-plane load has
been reduced to 2% of the column axial compression load below the brace-to-column intersecting point. Recent
studies have also shown that brace tension yielding could be triggered in more than one tier when the columns
possess sufficient in-plane stiffness. This reduces the flexural demand on the columns and inelastic deformations in
the braces, and the approach is therefore expected to result in enhanced seismic response for taller frames (Imanpour
and Tremblay 2015). Additional work is being performed to develop guidance for application of this design strategy.
The following section presents a study where the method is applied to a 4-tiered Type MD braced frame located in
an active seismic region.
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3. SEISMIC DESIGN OF THE 4-TIERED X-BRACED FRAME
3.1 Selected Airplane Hangar
The building studied is a 24 m height airplane hangar located on a site class E (soft soil) in Vancouver, BC. The
building has a 60 m width and 150 m length. The columns support 60 m long roof trusses that span over the full
width of the building. The height and width of the hangar provide enough space for required maintenance activities
for the selected aircraft maintenance facility. In the longitudinal direction, the columns located along the exterior
wall of the hangar have a spacing equal to 6 m. In the perpendicular direction, only two intermediate columns
located 6 m from the corner columns are used to provide for a 48 m opening door for aircrafts Lateral loads in each
direction are resisted by two Type MD braced frames per exterior wall. The braced frames located on the
longitudinal walls are studied herein. The configuration of these braced frames is shown in Fig. 3a. The columns are
I-shaped members oriented such that strong axis bending occurs out-of-plane to resist lateral wind loads. The design
is performed in accordance with NBCC 2015. The design roof dead load (D) and snow load (S) are equal to 1.2 and
1.64 kPa, respectively. For seismic design, the importance factor, IE is equal to 1.0 and the force modification factors
Rd and Ro are equal to 3.0 and 1.3 respectively. The building period is equal to 1.2 s, resulting in a design spectral
acceleration (S) of 0.634 g. Using the equivalent static force procedure and accounting for accidental torsion, the
storey shear per braced frame, V, is 1027 kN including 26 kN notional load.

Figure 3: a) 4-tiered X-braced frame; b) Brace progressive yielding in Tiers 1 and 2; and c) Finite element model of
the 4-tiered braced frame.
3.2 Braced Frame Design
The brace frame studied is designed in accordance with current CSA S16 requirements for MT-BF of the Type MD
category except that the possibility of brace tension yielding developing in more than one tier is considered when
determining column actions (Fig. 3b). Two design approaches are also examined, one where the special
requirements for the columns are not applied (Approach 1) and one where they are applied (Approach 2). The first
case is examined to demonstrate the need for the columns to be designed for the anticipated flexural demand and to
assess the impact of the special requirements for columns.
3.2.1 Design of Bracing Members
The braces in each tier are designed such that they resist the seismic storey shear in tension and compression. For this
frame, the resulting brace seismic axial compression forces are equal to 726 kN in every tier. Gravity induced
compression brace force is equal to 11 kN in every tier, which is added to seismic induced brace demand and results in
Cf = 737 kN. The braces are designed for out-of-plane buckling in compression, assuming an effective length factor K
= 0.45 for X-bracing configuration, taking into account the size and fixity of the brace end connections and the midsupport provided by the intersecting tension-acting braces. As shown in Fig. 3a, HSS139.7x139.7x7.9 braces are
selected for all the tiers from available ASTM A500, grade C, (Fy = 345 MPa). The selected braces satisfy the CSA S16
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limits on brace overall slenderness and width-to-thickness ratios for cross-section elements. The probable brace
resistances in tension, Tu, and compression, Cu and C'u, are respectively equal to 1734, 1135, and 347 kN. These values
are obtained using the probable yield strength RyFy = 460 MPa as prescribed in CSA S16 for HSS bracing members.
3.2.2 Design of Struts
The struts are provided between adjacent panels. In the plane of the frame, the struts are assumed as pin-connected
to the columns. They are made from W shapes oriented with the web in the horizontal plane such that they can
effectively resist horizontal wind loads and provide torsional bracing at tier levels. A maximum axial compression
force equal to 981 kN occurs at Tier 1 level under the brace loading case 2 (compression braces in post-buckling
range). A W200x71 section is selected.
3.2.3 Column Design Excluding CSA S16 Special Requirements (Design Approach 1)
The columns are assumed to be pinned at their top and bottom ends for bending about both directions. Torsionally
fixed condition is considered for the columns at the base, roof, and every strut level. It is also assumed that the
intermediate struts provide lateral bracing for in-plane buckling of the columns. The columns are first designed to
resist the gravity loads plus the brace axial loads of the first brace force scenario of Fig. 2a. No additional bending
moment demand is considered for this approach. Design dead, snow, and seismic loads for each column are PD = 216
kN, PS = 295 kN and PE = 7311 kN, respectively, which gives a factored axial load equal to Cf = 7601 kN induced in
Tier 1 segment for the load combination D + E + 0.25S. The column buckling length about weak and strong axes are
taken equal to 6 and 24 m, respectively, and a W1000x296 section is selected to resist the axial loads. Note that one
could have taken advantage of the varying axial load along the height of MT-BF columns to select effective length
factors less than unity for buckling in the plane and out of the plane of the frame. The columns must also be verified
for load combinations including wind loading. The most critical load combination 1.25D + 1.4W + 0.5S resulted in a
factored axial compression load Cf = 418 kN plus out-of-plane bending moment Mfx = 463 kN-m. The selected
column section was sufficient to resist that demand.
3.2.4 Column Design Following CSA S16 Special Requirements (Design Approach 2)
In the second approach, the columns are designed considering the special requirements specified in CSA S16 for MTBFs that account for a possible concentration of brace inelastic deformations in the critical tier. For this purpose, the
critical tier or weaker tier is identified by comparing the horizontal storey shear resistances Vu provided by the braces
when they develop their probable resistances Tu and Cu (Imanpour et al. 2012b). All tiers have the same height and
identical braces and, hence, are expected to develop a similar probable horizontal storey shear resistance Vu = 2029 kN.
The critical tier could be any of the bracing panels and four critical tier scenarios were examined for this frame
assuming that brace tension yielding develops and brace compressive strength reduces from Cu to C’u in the critical.
The storey shear resisted by the braces in the critical tier therefore diminishes from Vu to V’u while the storey shear
resistance provided by braces in the other tiers remain close to Vu. As specified in CSA S16, member forces and
deformations are determined when the roof displacement reaches the anticipated deflection including inelastic effects,
i.e. roof = Rd Ro δe / IE, where δe is the elastic roof lateral deflection under the design seismic force. For this frame with
the columns selected under axial compression load only (W1000x296), roof = 312 mm and a nonlinear incremental
static (pushover) analysis technique as proposed in Imanpour and Tremblay (2015) is used to determine the column
forces at the target displacement. Static analysis is performed by imposing the gravity loads plus a horizontal
displacement of 312 mm at the roof level. Second order effects are also included in the analysis. The scenario for which
Tier 2 is critical resulted in the most critical loading conditions for the columns with maximum axial compression and
in-plane bending moments in the Tier 1 column segment. In the analysis for this scenario, brace tension yielding also
developed in Tier 1 before the roof displacement reached the anticipated value.
This behaviour is different from the condition that must be considered in CSA S16 seismic provisions when
determining column actions in MT-BFs (brace yielding in tension assumed to be concentrated in the critical tier
only). Column design was performed for the forces obtained for critical Tier 2 scenario and brace yielding in the
bottom two tiers, including the concomitant strong axis bending moments due to transverse out-of-plane notional
loads equal to 2% of the axial compression load below every brace-to-column intersection point. The selection of
the columns is an iterative process as column sizes affect the frame lateral stiffness and the target value of roof used
in the nonlinear static analysis performed to determine column forces. In the final iteration, W840x527 columns
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were selected to resist factored axial compression Cf = 6960 kN, in-plane (weak axis) moment Mfy = 612 kN-m, and
out-of-plane (strong axis) moment Mfx = 1277 kN-m in the bottom tier segment. With these columns, the frame
anticipated storey drift roof is equal to 255 mm (1.06% hn), which induces a drift of 1.78% in Tier 1.
In contrast, for the critical Tier 1 scenario, the force in the tension brace in Tier 2 reached 1620 kN (0.94 Tu) at the
anticipated roof drift, meaning that brace tension yielding would concentrate in Tier 1 for this scenario. As a result,
drift in Tier 1 reached a higher value of 2.58% at roof. This result confirms the necessity of the CSA S16 three-tier
limit for Type MD MT-BFs to prevent excessive tier drifts and low-cycle fatigue failure of the bracing members and
their adjacent connections. The difference between the responses associated to critical Tier 1 and critical Tier 2
scenarios illustrates the benefits of brace yielding propagation on tier drifts and, thereby, inelastic demands on the
braces. Favoring this behaviour in design could therefore be seen as appropriate solution for tall MT-BFs. For the
frame studied herein, it is expected that brace yielding in Tier 2 would eventually develop in the critical Tier 1
scenario if the frame drift slightly exceeded RdRoδe as the predicted tension load in that brace (0.94 Tu) is close to
yielding. This is verified in the seismic analyses presented below.
3.3 Analytical Model
Seismic response of the prototype 4-tiered braced frames is evaluated using Nonlinear Response History (NLRH)
analysis. The numerical model of the frame shown in Fig. 2e was created in the OpenSees environment (McKenna
and Fenves, 2004). Columns and braces are modeled with fiber discretization of the cross-section using the forcebased beam-column element (Aguero et al. 2006; Uriz et al. 2008; Lamarche and Tremblay 2011). The uniaxial
Steel02 material model was selected to account for isotropic and kinematic strain hardening behaviour as well as the
Baushinger effect. The material was defined with E = 200 GPa, and yield strengths Fy = 345 MPa for the columns and
struts and Fy = 460 MPa for the braces. Residual stresses were included in the model for the columns. Buckling of braces
and columns was simulated by dividing each member into ten elements and using a co-rotational formulation to
account for geometric nonlinearities. Initial out-of-straightness were assigned to the columns and braces. The struts
were modeled using elastic beam-column elements. Gravity loads were applied to the columns and the model also
included a P-delta column represented by a co-rotational truss element that carried the remaining frame tributary
gravity loads. Point masses representing the frame tributary seismic weight were applied at top of the columns.
Rayleigh mass proportional damping equal to 2% of critical in the first mode of vibration was used to model the
inherent damping of the building. Additional information on defects, details of connections, and modeling
assumptions can be found in Imanpour et al. (2016) and Imanpour and Tremblay (2015).
3.4 Selected Ground Motions
A group of 15 ground motions were selected to perform the NLRH analysis. Dominant events in south western
British Colombia include shallow crustal, deep in-slab, and interface or subduction events. Based on the seismic
hazard de-aggregation for a probability of 2% in 50 years in Vancouver, BC, seismic hazard at shorter periods is
generally dominated by crustal and in-slab earthquakes; however, larger magnitude interface events influence the
hazard at longer periods (Tremblay et al. 2015). In this study, a suite of five ground motion time histories from
crustal events and a suite of 10 records from interface events were considered and the selected records were scaled
to match the NBCC design spectrum for Vancouver using the method presented by Tremblay et al. (2015). Table 1
gives the names and dates of the events as well as the names of the recording stations. The 15 records were taken
from earthquakes that have occurred between 1979 and 2003.
3.5 Frame In-plane Response
The seismic response of the 4-tiered X-braced frame designed using the two approaches are discussed here. Since
the frame consists of identical braces and tier heights, the NLRH analyses were performed with a reduced value of 0.95
RyFy = 437 MPa for the braces in Tier 1 to intentionally initiate brace yielding in that tier and create a critical Tier 1
scenario. As discussed, this scenario may result in more severe tier drift demands, which can lead to column buckling or
premature brace fracture. The statistics of the NLRH analyses are given in Table 2. The 84th percentile values of peak
response parameters are presented, as recommended by Tremblay et al. (2015) for multi-suite ground motion
ensembles. As shown in the table, for both frame designs, the storey drifts under the ground motion records are higher
than the anticipated roof drift (RdRoe). For the Design Approach 1 frame, column buckling occurred in three of the 15
ground motions analyzed. In one ground motion, this led to frame collapse. Column flexural buckling initiated in the plane
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of the frame in the first tier column segment and changed to biaxial buckling along the height of the frame by further
increasing the seismic demand on the column. When applying Design Approach 2, the frame exhibited stable response
without column buckling under any of the ground motion records. For Design Approach 1, the peak drifts induced in
the critical Tier 1 are larger than the roof drifts, confirming concentration of inelastic deformations in critical tiers. The
Design Approach 2 frame experienced lesser critical tier drifts compared to Design Approach 1 due to larger flexural
stiffness of the columns selected to propagate yielding in two bracing tiers. In Table 2, 84th percentile values of peak
in-plane and out-of-plane bending moment demands in the columns are also compared to the anticipated values from
design for Approach 2. Higher in-plane bending demands from NLRH analysis are attributed to the larger storey drifts
imposed by the ground motion records compared to the value assumed in design. However, out-of-plane bending
moments from NLRH analysis are significantly less than the design values, which suggests that out-of-plane notional
loads specified in CSA S16 provisions are probably too conservative. Comparing column axial compression force
demands from NLRH analyses with the design predictions indicates that the current design method is suitable for column
axial loads as the NLRH values are slightly less than the design ones.
Table 1: Summary of earthquake event and recording station data for the selected record set.
Event Name
Year
Mw
Recording Station
Imperial Valley
1979
6.5
El Centro Array #3
Imperial Valley
1979
6.5
El Centro Array #3
Superstition Hills
1987
6.5
Imperial Valley Wildlife Liquefaction Array
Superstition Hills
1987
6.5
Imperial Valley Wildlife Liquefaction Array
Tottori
2000
6.6
SMN002
Tottori
2000
6.6
SMN002
Tokachi -Oki
2003
8.3
HKD060
Darfield New Zealand
2010
7.0
Christchurch Resthaven
Darfield New Zealand
2010
7.0
Christchurch Resthaven
Tohoku
2011
9.0
CHB010
Tohoku
2011
9.0
CHB010
Tohoku
2011
9.0
FKS020
Tohoku
2011
9.0
FKS020
Tohoku
2011
9.0
FKS024
Tohoku
2011
9.0
FKS024
Table 2: MT-BFs studied: Statistics (84th percentile values) of peak frame response from NLRH analyses.
Design
Design
Design/Response parameter
Approach 1
Approach 2
Total storey drift (%)
1.75
1.56
1.35
1.49
roof,NLRH / Rd Ro δe
4.87
3.40
Critical tier drift (%)
1.31
Critical tier drift (NLRH / design)
0.96
0.46
Column moment in Tier 1 Mcy,NLRH / Mpy
1.20
Mcy-NLRH / Mcy-design
0.04
0.02
Column moment in Tier 2 Mcx,NLRH / Mpx
0.13
Mcx-NLRH / Mcx-design
0.13
Notional Out-of-plane load (NLRH/design)
0.91
0.90
Cf-NLRH / Cf
3
0
Number of Column Buckling Cases
1
0
Number of Frame Collapse
In Figure 4, the results of the NLRH analyses for both approaches are illustrated for one of the ground motion records
(1987 Superstition Hills - Imperial Valley Wildlife Liquefaction Array) which led to collapse of the Design Approach
1 frame. Figures 4a and 4b compare tier drift time history responses in Tiers 1 and 2 for both approaches. As shown, the
frame from Design Approach 1 experienced a significant concentration of inelastic drift in Tier 1 at approximately 26 s,
which resulted in structural collapse; however, although large tier drifts developed of the Design Approach 2 frame, the
frame remained stable until the end of the analysis. The collapse of the Design Approach 1 frame was mainly due to
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column in-plane flexural buckling resulted from large in-plane flexural bending demands induced in the columns as
Tier 1 experienced large inelastic deformation demand. In Fig. 4c, column normalized in-plane bending moments are
presented for both approaches for the same record. For Design Approach 1, the column in-plane seismic bending
demands exceeded the column plastic moment as the frame approached collapse. Column out-of-plane moment history is
presented in Fig. 4d for both design approaches. As shown, column out-of-plane bending demands suddenly increased as
in-plane flexural buckling developed in the first tier column. As described in Imanpour et al. (2016), column in-plane
buckling triggered out-of-plane buckling response of the column over its full height due to the absence of lateral
support at the tier levels.
Figure 5a presents tier drift profiles under the 15 ground motion records and both design approaches. The Design
Approach 1 frame experienced larger drift demands in Tier 1 compared to the design Approach 2 counterpart. The
difference is attributed to the stiffer column sections selected in Design Approach 2. Although there is no drift check
required in the current CSA S16 for bracing tiers, the selected columns for strength design indirectly reduces drift
demands in the tiers, which in turn, reduces deformation demands in the braces.
In order to verify the likelihood of brace low-cycle fatigue failure and examine the influence of this failure on the
seismic performance of MT-BFs, the fatigue material implemented in OpenSees was wrapped around the Steel02
material assigned to the braces. The OpenSees fatigue material uses accumulation of damage in HSS brace cross
section based on modified rainflow cyclic counting method (Uriz 2005; Uriz and Mahin 2008). The longitudinal
stiffness of a fiber of the brace cross-section falls to zero when the damage index reaches 1.0. The parameters of the
fatigue material including ε0, the strain for a single reversal, and m, fatigue ductility exponent, used in the model was
obtained from Tirca and Chen (2014). Figure 5b shows the damage index computed for the outermost compression
fiber of the brace’s cross-section at all the braced tiers for frames designed based on Approaches 1 and 2. The
damage index of critical tier brace’s cross-section is always larger than that of other tiers for the 4-tiered frame. For
Design Approach 1, the index reached a value of 1.0 in the critical tier under six ground motion records. This means
that critical tier braces are prone to low-cycle fatigue failure and a tier drift check need to be considered in design to
prevent such an unsatisfactory response. Accumulated strains in braces cross-section fibers is significantly less in
Design Approach 2 as this frame allows ductility demands to be shared between adjacent tiers.
a)

c)

b)

d)

Figure 4: Frame response and column demands under 1987 Superstition Hills - Imperial Valley Wildlife
Liquefaction Array record: a) Drifts in Tier 1; b) Drifts in Tier 2; c) In-plane (weak-axis) column bending moment;
and d) Out-of-plane (strong-axis) column bending moment.
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a)

b)

Figure 5: Comparison of response between Design Approaches 1 and 2: a) Drift demand profile; and b) Damage
index profile at the outermost fiber of brace cross section.
4. CONCLUSIONS
A tall 4-tiered Type MD concentrically steel braced frame providing lateral resistance for an airplane hangar in a
high seismicity region of Canada was studied. The frame was designed with and without applying CSA S16 special
seismic design provisions for MT-BF columns. The frame exceeded the three-tier limit specified in CSA S16 for
Type MD MT-BFs. When applying the CSA S16 special provisions for column design forces and tier drifts, a
modified procedure was used which allowed for brace tension yielding developing in more than one tier. The
seismic response of the frame was examined through NLRH analysis. The main conclusions of this study are
summarized as follows:
1.

2.

3.

4.

5.

Inelastic brace deformations in the 4-tiered braced frame designed for axial load only (Approach 1) tend to
concentrate in the critical tier. This concentration induces in-plane flexural demand on the columns, which led
to column flexural buckling.
Inelastic brace deformation developed in the bottom two tiers for the frame designed for combined axial force
and bending moments (Approach 2). This response is consistent with the brace yielding pattern assumed in the
modified design method. No column buckling was observed for this frame.
Although the number of bracing tiers exceeded the current CSA limit, the analyses results showed that the seismic
induced column in-plane flexural bending demand can be well predicted and column buckling was prevented when
applying the modified design procedure.
Non-uniform drift distribution in the Approach 1 frame resulted excessive accumulated strain in braces under
several records. More uniform drift distribution was observed for the frame designed based on the modified
approach described in this paper.
Current CSA S16 special design requirements for MT-BFs results in conservative estimation of out-of-plane
bending demands. This aspect should be investigated further in future studies.
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